Abstract: 2D hexagonal patterns can be generated by the superimposition of two or three fringe patterns that have been formed by two-wave interference and that have rotations of 60 o between them. Superimposing three exposures solves the problem of asymmetry in the cross section of structures, which is caused by double exposure. The resulting structure, however, depends on the phase shift of the third fringe pattern in relation to the previous two. We propose a method for controlling the phase shift, and we demonstrate that three different lattice geometries of hexagonal photonic crystals can be recorded when the phase is chosen.
Introduction
The projection of interference patterns is an interesting technique for recording periodic structures because the interference pattern is three-dimensional. Thus, volumetric structures with dimensions of tenths of nanometers can be recorded, simultaneously in areas of several squared centimeters [1, 2] . This technique can be associated with etching processes or molding in order to fabricate 2D [1, 3, 4] or 3D photonic crystals [5] .
Although the direct interference of multiple beams has been largely employed to fabricate 3D [5, 6] and 2D photonic crystals [2] , in a recent paper [7] it was demonstrated that the multiple exposures of two-beam interference patterns is able to perform 3D photonic crystals, with remarkable advantages. High contrast patterns can be generated because the two interfering beams may have the same polarization [7] and the phase between the interfering beams can be controlled through a phase shift actuator placed in one of the interfering beams [4, 8] . Besides this fact, homogeneous fringe patterns, with low distortion, can be obtained in large areas [1] .
The double exposure of a sample to the same interference pattern, by rotating the sample by 90 o between the exposures is a simple technique for generation of high contrast 2D patterns. This technique has been successfully employed to record 2D cubic photonic crystals [2, 4] as well as for arrays of silicon tips [9] or sieves [10] . Hexagonal lattices, however, are more appropriate for fabrication of photonic crystals because they present photonic band gaps (PBG) for a large range of filling factor and refractive indexes [4, 11] . The recording of 2D hexagonal lattices is possible by superimposing two interference patterns rotated of 60 o between them. Such process, however, generates asymmetric (elliptical) structures that reduce the range of filling factors that present photonic band gaps [4] .
Such asymmetry can be solved by using the superimposition of three interference patterns, rotated of 60 o among them [7] . The resulting 2D pattern, however, depends strongly on the relative phase between the third exposure and 2D pattern recorded by the former two exposures [12] . In this paper we present a method to control such phase and we demonstrate the recording of three different geometries of 2D hexagonal crystals using such phase control.
Simulated patterns
For multiple exposures of the same two-beam interference pattern, the resulting light dose in the photosensitive material is the sum of the light intensity I Ri of the interference pattern multiplied by the time of each exposure (Δt i ).
assuming that the absorption of the photosensitive material is negligible for the exposure wavelength (457.9nm). Assuming that the interference pattern is formed between two plane wave-fronts with equal irradiance I 1 =I 2 =I, and that the sample is rotated of an angle α i around the "z" axis, between the exposures, the resultant irradiance I Ri of each interference pattern can be represented by:
with Λ i the fringe period of each exposure, α i is the rotation angle of each exposure in relation to the x axis and φ i the relative phase of each fringe pattern. o for the first and second exposure, respectively. Note that the use of two exposures generates a hexagonal lattice, whose cross sections are rectangles that evolutes to ellipsis instead of the circles. In this case, any phase shift φ 2 introduced in the second fringe pattern only shifts the whole pattern, but do not change the shape of the iso-dose curves. Thus, to this simulation we assumed φ 1 =φ 2 =0 in Eq. 2. Using the resultant light dose it is possible to simulate the relief profile recorded in the photosensitive material taking into account its nonlinear response [13, 14] . In the case of positive photoresists the nonlinearities alter substantially the relief profile of the gratings recorded by interference [14] , however it does not change the top view geometry of the structures that are defined by the light pattern. Thus, assuming a simple linear development condition we can obtain the top view geometry of the structures recorded in photoresist that are shown in Fig. 3 . Note the strong variation of the geometry with the phase shift φ 3 . For the case φ 3 =π (Fig. 3(c) ) the photoresist structures are circles, while for φ 3 =π/2 ( Fig. 3(b) ) the photoresist structure presents a triangular base and for φ 3 =0 it appears a graphite like structure [15] (Fig. 3(a) ). In the case of a triple exposure, obtained through a rotation of the sample around the same axis, the presence of a previous double exposure determines a reference point (at the maximum and minimum of both light pattern), thus, each phase shift of the third exposure results in a different superimposed pattern. In the case of three-dimensional patterns obtained by rotation of the sample around orthogonal axis [7] , any phase shift φ 3 introduced in the third fringe pattern only shifts the whole pattern, but do not change the resulting iso-dose curves. 
Experimental procedure and Phase Control Method
In order to record the hexagonal patterns and verify the phase shift dependence of the recorded geometry, films of the positive photoresist SC 1827 (from Rohn and Haas) were spin-coated on glass substrates forming a 400 nm thick film. The samples were pre-baked and then exposed in a holographic setup that employs the line λ = 457.9nm of an Ar laser. The normal to sample is aligned with the bisector angle between the two interfering beams. This setup is provided of a fringe locker system that warrants the high contrast of the interference fringe patterns [8] . The fringe period may be chosen with any value between 0.45μm and 2μm. In this experiment we have used a fringe period of 1μm and a dose of 200 mJ/cm 2 in each exposure. After the first exposure the sample is rotated of 60 o , and exposed again to the same light dose.
After the second exposure, an outside ring of the sample (as shown in Fig. 4 ) is developed in AZ 351 developer 1:3 for about 15 seconds, in order to obtain a two dimensional grating that will be used as a reference. The sample is then repositioned in the interference pattern at the same position of the first exposure (interference fringes aligned with the first recorded grating). Figure 5 shows the transmitted diffracted orders when the entire sample is developed (not only the ring). Each incident beam generates a hexagonal diffraction pattern around the direction of each transmitted wave.
Due to the simultaneous incidence of two beams onto the sample, in each diffraction direction, there is interference between two diffracted beams, forming a "Moire-like" pattern [16, 17] . When the grating is perfectly aligned with the interference pattern, the "Moire-like" pattern period is maximal [16, 17] . The maximum "Moire-like" pattern period is also a A B C measurement of the distortion of the recorded grating in relation to the interference light fringes. In order to have phase control of the interference pattern, it is necessary to take care with the interference fringe distortion. A quality of the interfering wave fronts of λ/10 determines a maximum distortion of 1/10 of the fringes along the same area. Thus, the distortion of the fringe must be much smaller than the desired phase shift to warrant the right phase in the entire area. In our case we can warrant a wave-front quality better than λ/10 in the whole area of our sample (about one inch squared). Due to the hexagonal symmetry of the recorded pattern in the photoresist, the "Moirelike" pattern occurs for three positions of the sample in relation to the light fringes: a) when the interference fringes are aligned with the first recorded grating, b) when the fringes are aligned with the second grating (rotated by 60 o in relation to the first grating) and c) when the sample is rotated by 120 o in relation to the first grating. Any phase shift in the microscopic interference pattern produces the same phase shift in the "Moire-like" pattern [17] . Thus, by positioning a photodetector, in the "Moire-like" pattern, a signal proportional to light intensity of the interference of the diffracted waves can be measured. By using this signal in an analogical feedback system [8] , it is possible both to compensate the fringe thermal perturbations during the third exposure and to choose the phase shift between the interfering beams among the values of 0, π or ±π/2 [17, 18] . As such phase shift is the same of light fringe pattern in relation to the recorded grating, if we can control such phase we can choose the phase between the third grating and the former recorded hexagonal grating.
In our system, the phase compensation during the exposure is introduced in the interferometer through a mirror supported by a piezoelectric actuator, located in one of the arms of the interferometer. The same actuator introduces in the setup a high frequency low amplitude reference signal, in order to allow the use of synchronous detection techniques [8] . By using two lock-in amplifiers, the first or the second harmonic of the reference signal can be simultaneously measured [8] . If we use the first harmonic signal, as an error signal, to feedback the piezoelectric actuator, the phase between the interfering waves in the "Moirelike" will be ±π/2 [8] , depending on the plus or minus signal of the first harmonic used to feedback. By the other side, if we use the second harmonic as an error signal to feedback the piezoelectric actuator, the phase between the interfering waves in the "Moire-like" will be 0 or π [8] , depending also on the plus or minus signal of the second harmonic.
After the third exposure, using the desired condition, the samples were developed in AZ 351 diluted in deionized water 1:3 for about 25 seconds. After coating with a thin Au layer the top view of the center of the samples were photographed in a SEM. Figure 6 shows the top view of the photoresist structures, recorded for three different phase conditions: 0, +π/2 or π. Note the good agreement of the photoresist structures in comparison with the simulations shown in Fig. 3 (a), (b) and (c) . The same geometry observed in Fig. 6 is obtained along the whole sample of 1 inch of side squared. This occurs due to both: the good quality of the wavefront and the good alignment of the recorded sample in relation to the interference fringes. Note also that in Fig. 6 (c) the resulting photoresist structures present a circular cross section while the basis of the photoresist structures shown in Fig. 6(b) are triangles. Figure 6 (a) exhibits the graphite lattice geometry as in the simulation shown in Fig.  3(a) . Fig. 6 . Structures recorded in a positive photoresist on glass substrates using the superimposition of three exposures with rotations of 60o between them and phase-shifts of (a) φ3=0, (b) φ3=π/2 and (c) φ3=π.
Results

Conclusion
The superimposition of three interference patterns, generated by two beams, allows the recording of different geometries of 2D hexagonal photonic crystals. The first hexagonal lattice presents structures ("atoms") with a circular cross section, while the second present a triangular cross section for the structures or atoms and the third geometry exhibits a graphite lattice. In particular the first two geometries may present new interesting photonic properties.
The geometry of the structures is determined by the phase shift between the third exposure and the previous two-dimensional recorded pattern. The phase shift control uses the diffraction of the two incident beams in the grating recorded after the first two exposures, as a reference, and a synchronous detection feedback system. Such method can be used for fabrication of these geometries in large areas; the limitation is the quality of the wavefronts of the interfering waves.
